dealt with wind park availability, the comparison of different turbine concepts, and the reliability of subassemblies [6] . However, these investigations encompassed analyses of only the failure rates of power electronics systems components. The only industry-wide survey reported in the literature was conducted in 2008 [7] (and also took into account the analysis of stressors).
For this article, we recently conduct ed a comprehensive industry-wide survey in collaboration with the European Center for Power Electronics (ECPE). It was circulated to selected reliability experts at ECPE member companies, resulting in 51 extensive responses.
The survey provided an overview of perceived reliability issues and a look at the current state of research in this field. It also helped identify possible future approaches that could support further dependability improvements. In the initial section, the participants were asked to select the application fields in which they wanted to answer questions. Each participant could take this part of the survey in multiple application fields. The distribution of responses in the application-specific portion is given in Table 1 . The later sections of the survey were applicable to power electronics systems in general and were thus based on the responses of all 51 participants, as this section was completed only once by each participant.
Components of Power Electronics Systems
With increasing demands on power electronics systems in terms of function and performance, their complexity grows. Grouped into the categories shown in Figure 1 by color, the system-level schematics of a wind power system, photovoltaic (PV) setup, and electric vehicle are shown in Figures 2-4 , respectively.
In the block diagram of a generic wind power system shown in Figure 2 , the mechanical components include the rotor, pitch and yaw system, gearbox, and wind measurements. The generator-side converter is controlled using maximum power point tracking. A grid-side converter handles the grid feeding. The PV system shown in Figure 3 gives a more detailed view of a power electronics system, as it also covers the relays to disconnect from the grid and those for bypassing the boost converter to increase efficiency. In addition to the electric drive system (electric motor and inverter), the system overview of an electric vehicle and a charging station given in Figure 4 shows the presence of various electromechanical auxiliary subsystems. An on-board rectifier for ac charging is installed, and a much larger rectifier for fast dc charging is present in the charging station.
The system-level schematics show only the major components and do not include elements such as data buses, communication links, and sensing and protection circuitry. The large number of system components increases the risk of malfunction and failure. Therefore, it is extremely important to address not only such main parts as the power semiconductors, capacitors, and drivers but also the complete set of system constituents.
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Application-Specific Reliability of Components
The most critical items are those in which the gap between the actual reliability and the required reliability is the highest. To identify such components, elements such as targeted lifetime, typical stressors, and failure mechanisms were analyzed in the survey of industry experts.
From the engineering point of view, reliability is the probability that a system or component will perform a required function without failure under stated conditions for a specified period of time [8] . It is distinguished from robustness, which is the ability of a system to operate adequately over a specified range of parameter variations. Today, the industry is in the midst of a paradigm shift toward more-dependable power electronics systems. In particular, the automotive and aerospace industries have raised the reliability requirements for their power electronics systems because of safety requirements [1] . The definition of reliability given earlier suggests three eventualities that can lead to demands for increased reliability:
1) The required function may become more complex or difficult to fulfill.
2) The stated conditions may become harsher.
3) The specified period of time may increase. For most applications, the required function and operating conditions are fixed. The required target lifetimes depend on the application, power scale, and target market [5] .
Lifetime Requirements
To determine the expected lifetime of power electronics systems in the predetermined applications, survey participants were asked about the target lifetime of power electronics systems manufactured by their companies. Multiple selections were possible. The responses in Figure 5 are given according to various application fields. Very few respondents indicated that lifetimes shorter than five years are typical. Instead, for most applications, a target lifetime of between five The need for dependable systems forces both academia and industry to pursue advances in reliability research.
and 20 years appears to be the norm. A longer target lifetime of 20-30 years is expected in wind power systems. These results agree with the investigations of Yang et al. in 2008 [7] and with the identified target lifetimes in Wang et al. in 2014 [5] . Furthermore, this indicates that the expectations on power electronics system lifetimes has not changed significantly during the last decade.
Critical Stressors
The components in the power electronics systems are exposed to stressors that depend on the application and the operating conditions. Thus, knowledge of the application-relevant stress influences is extremely important. Temperature-related stressors affect the reliability of several components of power electronics systems, such as printed circuit boards (PCBs), semiconductors, and capacitors [9] . For semiconductors, these stress factors are related to the average junction temperature on the one hand and the cycling of the junction temperature on the other. Junction tempe rature cycling is further divided into that evoked by ambient temperature and that evoked by the components' self-heating (also known as power cycling). Temperature-related stressors are omnipresent, which makes them more relevant. But thermal cycling due to internal losses is hard to avoid.
Power electronic systems are exposed to a wide variety of ambient influences, including high humidity. Humidity buildup within the system enclosure leads to water condensation, which can cause increased leakage currents and corrosion [10] . Exposure to cycling ambient temperatures typical for night/day cycles causes a significant increase in water vapor concentration. The effect of humidity has also been studied for PCB assembly.
Mechanical impacts, such as vibration and shock, primarily affect the robustness of mechanical components and the interconnections of electrical PV components [11] . As with most reliability concerns, mechanical fatigue processes are multiparameter problems. The combined effect of thermal cycling and mechanical vibration on solder connections was investigated in [12] . The results showed that solder crack propagation on PCBs is increased with the combined stressors compared to the individual stressors.
EMI sources can be found in the power electronics system itself, other electronics within range, and the grid. They can permanently endanger the undisturbed operation of the system. In contrast to EMI, terrestrial cosmic radiation can cause single-event burnouts on power semiconductors, which was experimentally shown in 1994 [13] and is still a topic of active research. EMI's harmfulness depends on the possible shielding and density of the power electronics system installation.
The industry survey participants were asked to rank the discussed stressors according to how critical they were considered to be for the selected application. These results are presented in Figure 6 . Aggregated across all of the applications, they show that almost every one of the considered stress influences was judged critical, as all received mean scores above 3.5. All thermal stressors were considered particularly critical, with power cycling identified as the most consequential. Mechanical stress, e.g., vibration, is shown to be especially application dependent. For many other stressors, there is only a little difference among the applications. The results were broken down into the different application fields to identify particularly important stress factors in the different applications.
Component Failure Mechanisms
To facilitate the target lifetime of the whole system, the reliability of all system components needs to be assured. In this section, the failure mechanisms along with the resulting failure modes are given for selected components of power electronics systems and evaluated regarding their effect on reliability.
The failure of power semiconductors can be attributed either to failure on the chip level or failure in the semiconductor package. In the literature, reviews that describe the various relevant failure mechanisms can be found [14] and [15] . Failure on the packaging level is often the consequence of continuously varying the thermal stress applied on the interconnections between The survey provided an overview of perceived reliability issues and a look at the current state of research in this field.
the semiconductor device and the external contacts of a power module [16] . The temperature variations lead to thermomechanical stress because the different components in the power module have varying coefficients of thermal expansion. Over a longer period of time, this lystress leads to the deterioration of the interconnections between the wire bonds and solder layers in power modules [17] . Device-level failure of power semiconductors can occur through various mechanisms. As long as devices are operated within data sheet parameters, it may be safe to expect that issues such as parameter shifts and other degradations will not occur. However, overload stress can cause device failure. A specific failure mechanism that cannot be completely avoided is single-event burnout induced by cosmic radiation. In this case, the robustness of the device and the applied voltage in the application can be analyzed to estimate whether the expected failure rate is acceptable for a given application.
Driver circuit failure can also be a reason for a system malfunction. An open-circuit failure of the driver circuit disrupts the operation of the power electronics system. Delayed switching or short-circuit failures can also harm the power semiconductor elements. The integration of driver circuits and sensors into power electronics modules can decrease the occurrence of parasitic elements due to the lower-current paths. However, amplifying circuits are sensitive to EMI, which can occur in direct proximity to the switching elements.
Capacitors are the components most prone to failure in power electronics systems. The three main types of capacitors are aluminum electrolytic capacitors (Al-Caps), metallized polypropylene film capacitors (MPPF-Caps), and multilayer ceramic capacitors (MLC-Caps). The wear-out mechanisms FIGuRe 6 -The critical stressors for power electronics systems by application, from industry experts' answers to the question, "Which are, according to your experience, the most critical stressors for power electronics converter systems in this application field?" The bars show the standard deviation around the mean value. The scale is from one (not critical) to six (very critical).
All thermal stressors were considered particularly critical, with power cycling identified as the most consequential.
depend on the type of capacitor. AlCaps suffer from electrolyte vaporization that is accelerated at high temperatures and with ripple currents. Electrochemical reactions are increased by voltage stress. Temperature, ripple current, and humidity stress lead to dielectric loss in MPPF-Caps. MLC-Caps suffer from oxide vacancy migration and insulation degradation under the same stress influences and vibration [5] . Wear-out leads to a drift in the electrical parameters and can give rise to open-circuit or closed-circuit failure modes, as shown in [18] . PCBs have to maintain their electrical and thermal capabilities in electrical lines and solder joints. Vibration is the main stressor for PCBs. The different resonance frequencies of soldered components and the PCB itself lead to mechanical strain and, finally, fatigue in the interconnections, which are the solder joints. The relationship of vibration to other stress factors, such as frequency, temperature, and power cycling, were investigated in [12] . Humidity caused by both spilled water and condensation can compromise board functionality. Deformation and tension during the assembly of the PCB in the case can lead to damage of the soldered components.
The analysis of stressors, failure mechanisms, and failure modes is used to conclude which components are most prone to failure. Semiconductors and capacitors are used in the power stage of the system. As these components have a short-circuit failure mode, they pose a potentially high risk for the safety of the system. For both elements, omnipresent stress factors such as temperature cycles and voltage stress are crucial. Therefore, these components are the most prone to failure.
For mechanical and electromechanical parts and subsystems, vibration and chemical exposure are relevant stressors in addition to temperature. Their occurrence depends on the application and its place of operation. There are wide-ranging environ mental conditions that can stress these components, especially for electric vehicles.
These results are also reflected in the industry survey that was conducted. The subjects were asked about the elements in power electronics systems that are perceived to be susceptible to failure. The participating industry experts were asked to assign scores between one (not susceptible) and six (very susceptible) to each of the given components. The results are shown in Figure 7 . The constituents that were evaluated to be most susceptible to failure across all applications were the semiconductors, both modules and discrete devices, and electrolytic capacitors. This result agrees with the results of a previous survey conducted in 2008 [7] . Film and ceramic capacitors are next, followed by semiconductor drivers, electromechanical parts and protection devices, and cooling systems. Further analyzed was how the evaluation of the components' susceptibility to failure varied according to the application field. The results appear to show little difference among applications. However, for electric vehicles, mechanical and electromechanical elements were considered more susceptible to failure than in the other applications.
Components to Focus on in Future Research
Based on the previous analysis of stressors and components and their possible failure mechanisms and failure modes, a reasonable focus for future research is surmised. For example, it is more important that the parts most prone to failure-switching devices, capacitors, electromechanical components, and cooling systems-be addressed by future research.
Accordingly, the industry survey participants were asked to define the elements that are most crucial to be researched to improve the reliability of power electronics converter systems. For this question, written answers were requested. The responses were assigned to the previously used categories, as shown in Figure 8 . It is apparent that the majority of participants wished to see more research focused on power semiconductors, power semiconductor modules, and capacitors. In the area of capacitors, electrolytic and film capacitors were named most often. In some of the written responses, no specific components were named, but it was stated generally that research should address those parts exposed to harsh environments (e.g., high temperature or humidity).
Potential to Improve Reliability
In this section, we discuss the potential of various methods to improve reliability. In general, there are two directions of research to increase the reliability of power electronics systems: 1) finding and reinforcing hardware materials and interconnections that are prone to failure and 2) changing the utilization of the components to relieve stress.
Improved Components
The analysis of product returns has facilitated the detection of components prone to failure in a system. This has led to several strength-increasing improvements. Advances in connection technology and module assembly have been achieved [14] . Sintering and lowtemperature joining instead of soldering the chips are used to increase the robustness of the connections, and bonds are replaced by pressure contacts in high-reliability product lines [16] . Delaminating of the substrate can be reduced by avoiding 90° angles on the pattern [19] . The PCB layout and cooling flow can be optimized to enhance capacitor cooling.
Physics of Failure Approach
Physics of failure (PoF) is an approach to improving product reliability that
The analysis of stressors, failure mechanisms, and failure modes is used to conclude which components are most prone to failure.
employs knowledge of the root causes of failure mechanisms. The concept is based on an understanding of the relationships between the requirements and physical characteristics of the pro duct and the reaction of product elements to stressors and their influence on degradation with respect to use conditions and operating time [5] . The influence of stress factors on product parts and materials is evaluated according to their influence on fitness for use. Additional variables are components' variation in the man ufacturing processes, use conditions, and time of service [15] . This approach has been applied to increase the lifetime and reliability of power electronics modules [9] .
The PoF technique is closely connected to the term design for reliability [18] . Its goal is to assure sufficient robustness of the system in the design process [5] . Load profiles for the The constituents that were evaluated to be most susceptible to failure across all applications were the semiconductors, both modules and discrete devices, and electrolytic capacitors.
components are computed regarding the stressors that occur during field operation [20] . Using stress analysis, the necessary strength of the system is determined, which is usually a multiparameter problem. Fault-tolerant topologies are discussed in [21] .
Active Methods
Active methods to improve reliability are software-based control structures applied during operation. The goal is to change the system operation to relieve stress on the components such that there will be no or only a minor influence on overall performance [22] .
A first method is condition monitoring (CM). The concept is to assess the current health status of a system component and detect incipient faults to take corrective action before failure occurs [15] . This opens the way for maintenance to be performed according to system needs instead of sticking to fixed intervals. Starting from a known system condition, CM allows for predicting the onset of failure due to wear-out. When a critical state is diagnosed, the device can be targeted for planned maintenance.
Active thermal control uses temperature-related control parameters to influence the junction temperatures of power semiconductor modules online [23] . The goal is to reduce the thermal stress in the module by decreasing the temperature swings. To influence the junction temperature, the thermal control temporarily increases or decreases the losses in the desired chips [24] . Only a few active thermal control approaches have been proposed so far. A classification of chosen control parameters according to the hierarchical level of interaction with the system is presented in Figure 9 . The layers reach from system control down to the gate driver. On the current control layer, varying the current limit, the dc link voltage, the circulating current among parallel connected converters, and the circulating reactive power can control the junction temperature [25] , [26] . On the modulator layer, a selection of the switching frequency and modulation method can be applied. On the hardware layer, the gate voltage can be adjusted.
As an example, a short-term temperature drop can be prevented or reduced in amplitude when the losses are temporarily increased by raising the switching frequency. An electrothermal model can be used to obtain online estimations of the junction temperature. Alternatively, temperature measurements via thermosensitive electrical parameters [4] can be applied. Active thermal control is a possibility for reducing thermal stress, but commercial utilization has not yet been reported.
For capacitors, temperature ripple and voltage ripple have been identified as the main stresses leading to failure [27] . A characteristic of singlephase ac-line-connected rectifiers is the pulsating power transfer to the dc The majority of participants wished to see more research focused on power semiconductors, power semiconductor modules, and capacitors.
bus, which generates a ripple on the dc bus voltage at twice the line frequency when the input voltage and current are sinusoidal [28] . Usually, the dc-link capacitors reduce the voltage ripple. However, this ripple is a critical stressor for Al-Caps, MPPF-Caps, and high-capacitance MLC-Caps [18] . Thus, active ripple-reduction circuit and voltage compensators have been implemented to decrease the capacitor size. This enables the replacement of Al-Caps with the more reliable MPPFCaps. However, the additional circuits and control schemes can be a source of new potential failures and increase the costs, so they are rarely implemented in industrial products. The given active methods to increase reliability are only rarely used in power electronics systems. To evaluate the potential of these methods for improving reliability, the industry experts were asked which trends would improve the future system reliability of power electronics converters. The results are shown in Figures 10 and 11 . The active methods are in green. The outcomes showed that all mentioned trends were evaluated as overall beneficial, as the mean values lie between 3.6 and 4.2. The highest score was for the use of components that are proven to be robust and reliable. Condition monitoring and control, such as active thermal control, that avoids stressful operation conditions achieved the second-highest score. Adding redundancy into the system and increasing the use of wide-bandgap devices received the lowest scores. Wide-bandgap devices offer significant advantages, such as higher switching speeds and higher operating temperatures, that enable increased power density. However, this makes their temperature management critical, leading to new concerns for the PCB and the components to which the device is connected.
Experimental verification of active methods to improve reliability is com plicated. The parts have a rated lifetime on a scale of years, which makes real-time lifetime tests time consuming. Also, test conditions such as humidity or radiation have to be kept constant during the entire test. Therefore, accelerated life tests (ALTs) are used to estimate components' lifetime. For ALTs, relevant stressors are identified first and then applied to the device under test in quantifiably increased doses [29] . Multiple tests are necessary to generate sufficient statistical data. For thermal stressors, a common way to determine a life stress relationship is the Arrhenius lifetime model [16] . Even when only a few parameters are considered, the design FIGuRe 10 -The trends or approaches that will improve the system reliability of power electronics converters in the future, from industry experts' answers to the question, "In your opinion, which trends/approaches will improve the system reliability of power electronics converters in the future?" The scale is from one (not beneficial) to six (very beneficial). The bars show the standard deviation around the mean. FIGuRe 11 -The methods to achieve high reliability for power electronics systems, from industry experts' answers to the statement, "Please rank the following options for achieving high reliability for power electronics systems." The scale is from five (highest priority) to one (lowest priority). The bars show the mean values of all of the answers.
Only 13% of the respondents believe that the current quantity and focus of research are adequate for industry needs.
of a lifetime model for a component is complex and relies on empirical data. Therefore, it is sensitive to errors. The lack of easily applicable verification methods is a general issue in reliability research [30] .
Current State of Reliability Research
To sound out the general opinion in industry about the state of research concerning the reliability of power electronics converters, a question was asked about the current state of such work. The outcomes are shown in Figure 12 .
The three possible answers stand for very different opinions in the evaluation of the current state of research in reliability. Only 13% of the respondents believe that the current quantity and focus of research are ade quate for industry needs. A total of 54% indicated that the amount of research should be increased, and the remaining group chose the option that the research effort is adequate but the focus needs to be better aligned with industry needs. Overall, the results can be interpreted as a call for action. They suggest that more research in the area of reliability should be conducted and that the research efforts should be better aligned with the needs of industry.
Promising Ways to Improve Reliability
As a majority of the responses suggest that the focus and quantity of reliability research are not adequate for industry needs, the following question aimed to identify which approach for organizing reliability research was considered the most promising way to improve reliability in the future. The results are provided in Figure 13 .
The responses clearly show that collaborative research led by industry is considered the most promising approach to improving reliability, followed by in-company research. A major advantage of research led by industry is that it can be optimally aligned with industry needs. The methods used and the focus on components can be chosen to best fit market demand. Additionally, in-company re search can have the benefit of obtaining a competitive advantage and avoiding the need to involve external associates in sensitive areas. The low confidence in work conducted in research centers may indicate a disconnect between the needs of industry and the research actually conducted at those sites. One explanation may be that industry experts consider the centers' research to be not relevant to practical applications.
Reliability Improvement Pays Off
Higher reliability reduces outage and maintenance costs. Thus, better reliability may result in a higher willingness on the part of customers to pay for a product under certain circumstances, such as power electronic systems with high outage costs and cost-sensitive applications. Therefore, we might expect customers for wind power, energy transmission, and aircraft systems to especially be willing to pay extra for systems that are more reliable. Lighting systems are often still considered to be a commodity that is expected to wear out and then be Focus and quantity of research is adequate to the industry needs.
The quantity of research is adequate, but the focus of research efforts should be aligned better with the issues currently faced/expected to become relevant in the future.
More research on reliability topics should be done in the future. FIGuRe 13 -Some promising ways to improve reliability in power electronics systems, from industry experts' answers to the question, "In your experience, which is the most promising way to improve reliability?"
replaced. Thus, less benefit for this application might be imagined. The survey participants were asked how strong a willingness they expect among customers to pay a premium for reliable products in various application areas. The outcomes are shown in Figure 14 . As expected, in aircraft and energy transmission applications, a high willingness to pay for reliability can be found. The third-highest score was achieved for the wind power application. The remaining application areas received similar results. Only the lighting application stands out with lower scores. For consumer goods, low cost seems to be more important than reliability improvement. Overall, the results of this part of the survey confirm that aircraft, energy transmission, and wind power applications have a high focus on reliability and may be more willing to pay to ensure higher reliability.
Conclusions
A comprehensive industry-wide survey was conducted to analyze which topics future R&D should concentrate on and how to perform this research. First, the instrument identified typical power electronics system target lifetimes of five to 30 years, with a strong dependence on the application field. The investigation of the stressors that limit these requirements showed that the respondents considered all thermal stressors particularly critical, with power cycling identified as the most critical. Along the same lines, semiconductor devices were highlighted as the most critical components, closely followed by capacitors. Also, the cooling system, protection devices, and electromechanical components were seen as critical. This corresponds with the components that should be addressed in future research.
Active methods that help to increase reliability during operation, such as condition monitoring and avoiding stressful operating conditions, were only slightly positively indicated. However, there is potential in these methods, as the majority of respondents wish to see more research on these topics. Especially in such applications as aircraft, energy transmission, and wind power, a strong willingness to pay for more reliable systems was identified. FIGuRe 14 -The expected willingness of customers to pay extra for more reliable products in different applications, from industry experts' answers to the question, "Based on your experience, please indicate how you estimate the willingness of customers to be to pay extra for more reliable products in the specified application fields?" The bars show the standard deviation around the mean.
Biographies
Especially in such applications as aircraft, energy transmission, and wind power, a strong willingness to pay for more reliable systems was identified. 
